We have observed several relatively deep transits of the white dwarf WD 1145+017 with the Gran Telescopio Canarias (GTC) in the wavelength range 480 to 920 nm. The observations covered approximately one hour on 2016 January 18 and two hours on 2016 January 20. There was variable extinction of the white dwarf during much of that time, but this extinction was punctuated by four sharp transits with depths ranging from 25% to 40%. The spectrum was dispersed with a grism and the flux data were ultimately summed into four bands centered at 0.53, 0.62, 0.71, and 0.84 µm. After careful normalization, we find that the flux light curves in all four bands are consistently the same, including through the deepest dips. We use these results to compute Ångström exponents, α, for the particles responsible for the extinction and find | α | 0.06, assuming that the extinction is relatively optically thin. We use the complex indices of refraction for common minerals to set constraints on the median sizes of possible dust grains and find that particle sizes 0.5 µm can be excluded for most common minerals.
Introduction
The reported discovery of disintegrating planetesimals orbiting around the white dwarf WD 1145+017 adds to the growing evidence that a significant amount of white dwarfs (WDs) are accreting material orbiting within their tidal disruption radius. Over the last couple of decades, it has been established that around 25-50% of WDs show metal lines in their spectra (Zuckerman et al. 2010; Koester et al. 2014 ) and at least 4% are known to host dusty disks (Rocchetto et al. 2015) . Bear & Soker (2015) proposed a mechanism by which sub-Earth daughter planets at a few solar radii from the WD might form, requiring planetesimals with sizes of around 100 km. The putative disintegrating planetesimals orbiting around WD 1145+017 are thus excellent laboratories to test this and other theories.
The Kepler K2 mission (Howell et al. 2014 ) light curve of WD 1145+017 showed transits of variable depth with several distinct periods in the range of 4.5 -5 h . Subsequent ground-based follow up (Croll et al. 2015; Gänsicke et al. 2016; Rappaport et al. 2016 ) revealed a complicated scenario in which eclipses with depths of up to 60% were detected with durations ranging from ∼3 minutes to 12 minutes. The winter 2015 observing campaigns showed an increased activity in WD 1145+017with more frequent and deeper eclipses.
Multiwavelength observations of transiting dust clouds have been used to constrain the particle sizes and compositions of material evaporating from the disintegrating planet candidates KIC12557548b (Rappaport et al. 2012; Croll et al. 2014;  Based on observations made with the Gran Telescopio Canarias (GTC), on the island of La Palma at the Spanish Observatorio Roque de los Muchachos of the IAC, and with the IAC80 telescope on the island of Tenerife at the Spanish Observatorio del Teide of the IAC, under Director's Discretionary Time. Bochinski et al. 2015) and K2-22b (Sanchis-Ojeda et al. 2015) . Such constraints on the dust can be stronger when the depth of the transit is higher, owing to either larger clouds or smaller host stars. In the case of disintegrating planets, the hosts are mainsequence stars and the transiting clouds occult up to 1.5% of the flux in the most favorable events. For WD 1145+017, the very deep transits and their short duration, which helps to minimize the impact of instrumental systematics, allow for the most constraining determination to date of the hypothesized evaporating planetary material. Prior to the work presented here, two-band simultaneous photometry served to place 2-σ limits on the average sizes of dust grains in WD 1145+017 of ∼0.15 µm or larger, or ∼0.06 µm or smaller (Croll et al. 2015) .
In this Letter, we report the first high-cadence spectrophotometric observations of WD 1145+017, with grism dispersed spectra from 0.5 to 0.9 µm on two different nights. The wideband combined light curves show a complex flux variability, as reported in recent works (Gänsicke et al. 2016; Rappaport et al. 2016) , and a remarkable nonchromaticity that we use to place stronger constraints on the sizes and compositions of the occulting material. The constraints on the Ångström exponents are a factor ∼20 better than in previous studies of either WD 1145+017 or the known disintegrating planets.
Observations and data analysis
We performed an intensive follow up of WD 1145+017 using the CAMELOT camera mounted at the IAC80 telescope during January 2016. The exposure times were fixed to 60 s, and no filter was used in order to collect a maximum number of photons. A deep eclipse (∼40% in flux) was observed on the night of 2016 January 16, and it was used to trigger observations at the 10.4 m Gran Telescopio Canarias (GTC) two nights later. We Article number, page 1 of 7 arXiv:1603.08823v2 [astro-ph.EP] 14 Apr 2016 Fig. 1 . Two extracted GTC light curves in the wavelength ranges indicated at the legend, showing several eclipse events that have comparable depths in all the different colors. The orbital phase is estimated using the ephemeris φ=2457316.686+E*0.187517 from Rappaport et al. (2016) . The points in the shaded regions were used for the normalization of the curves.
observed WD 1145+017 using the OSIRIS instrument (Sánchez et al. 2012 ) with the R300R grism, and we placed a nearby reference star (UCAC4 458-051099, at a distance of ∼1.9 ) in the 12 -wide slit to perform differential spectrophotometry. The exposure time was fixed to 50 s, and the readout time was ∼24 s using the 200 kHz readout speed and a 2×2 binning.
Two sequences were obtained from 04:53 UT to 05:41 UT on the night of 2016 January 18, and a longer interval from 05:12 UT to 07:14 UT on the night of 2016 January 20. The last data points of the second sequence were taken during twilight, which occurred at 06:44 UT. The data were reduced using custom IDL routines. The images were calibrated using standard procedures, and the spectra of the target and the comparison star were extracted using a fixed aperture of 12 pixels centered on the spectral traces that were determined via Gaussian fits in the spatial direction. The zero order spectra, recorded in the images, was used to track the instrumental drifts in both spatial axes, and the wavelength calibration was updated accordingly. The flux from four different spectral regions covering the range from 4800Å to 9200Å was summed to produce four color light curves for the target and the reference star. To account for atmospheric effects, we computed the ratio between the target and the reference in all colors. The region between 7470Å and 7651Å was avoided as it contains a significant O 2 telluric absorption feature.
After a first inspection of the light curves, showing a number of absorption events, different regions were selected to normalize each color curve. The final light curves built this way are represented in Fig. 1 , and the shaded regions indicate the data points used for normalization. This normalization was performed by a simple median of the data points inside those regions. To provide an estimate of the precision of the data, we calculated the standard deviation of the ratio of each color curve with respect to the combined white light curve (thus not completely independent colors), resulting in 0.3 -1% for the four colors. The last data points on the second night show a significant deviation that we attribute to color effects due to the increased sky background at the end of the night, and the last six points were excluded from further analysis.
A cursory examination of the four-color light curves in Fig. 1 shows a remarkable degree of agreement among the different bands. We now proceed to interpret this achromaticity quantitatively in terms of dust scattering models.
Assessing the Ångström exponents
If a cloud of small particles passes in front of a star, the fractional depth of the flux dip, D, that will be seen is somewhat involved, but can be written schematically as
where λ n is the mean wavelength over a bandpass ∆λ; S is the dimensionless surface brightness of the stellar disk at projected radial distance, r; φ is the azimuthal angle around the stellar disk; and τ is the extinction optical depth at any location over the stellar disk. The parameter S (r, λ) is taken to be normalized to unity over the stellar disk. For the purposes of this paper, we make three approximations, namely that: (i) τ is small; (ii) τ is constant over the fraction, f , of the star that the cloud covers; and (iii) the integral over the bandpass can simply be taken to be the evaluation at λ n . In that case, Eqn.
(1) can be written much more simply as
We now wish to quantify what the wavelength dependence of the dips tells us about the properties of the obscuring dust. Assuming that the extinction cross section and corresponding optical depth have a wavelength dependence of the form σ ext ∝ τ ∝ λ −α , for a fixed dust column density and composition, this defines a quantity, α, called the "Ångström exponent". In the optically thin regime, and using Eqn. (2), we can write this as
Article number, page 2 of 7 Alonso et al.: WD 1145+017 Fig. 2 . Plots of the dip depths in a band centered on λ m vs. the dip depths at λ n for three independent combinations of our four wavebands. The straight lines are χ 2 fits to a function of the form λ m = s mn λ n . The upper and lower panels are for the data acquired on 2016 January 18 and 20, respectively.
In order to evaluate the ratios of Fig. 2 for three independent combinations of n and m. We then fit these curves with a function of the form
The best-fit values of these slopes are reported in Table 1 . Because all the values of s mn are within a few percent of unity, this immediately implies that the dips are at least approximately wavelength independent. We therefore find it convenient to define a quantity δs mn such that s mn = 1 + δs mn . In turn, this allows us to write a simple expression for the Ångström exponent as
These quantities are summarized in Table 1 . The uncertainties in α are based on the rms scatter among the different results for α mn rather than on the formal statistical uncertainty.
(c) If we also allow for an additive constant in Eqn. (4) as a free parameter, i.e., to determine the flux = 1 level empirically, we find that these uncertainties would increase by ∼50%.
As we can see from Table 1 the values of the Ångström exponents are all rather close to zero, where two values from the night of 2016 January 20 are only somewhat significantly different from zero. The weighted, in the sense of minimizing χ 2 , mean value of the Ångström exponent for each of the nights is also very consistent with zero. We take the 1-σ uncertainty on the average value of the Ångström exponent to be the rms fluctuations of the three individual measurements of α mn for each of the two observing nights.
From this analysis of α we conclude that we have not detected any significant wavelength dependence of the dips and that a safe constraint is | α | 0.06 (at the 2-σ confidence level). For the purpose of comparing this to model calculations of the Ångström exponents for different minerals, we take the effective wavelengths to be 0.574 nm and 0.774 nm. Figure 3 shows the expected Ångström exponents for assumed lognormal particle size distributions computed for the abovementioned effective wavelengths. We considered dust composed of the following minerals: enstatite (n = 1.66, κ = 2.5 × 10 −5 ), forsterite (n = 1.69, κ = 2 × 10 −5 ), corundum (n = 1.76, κ = 0.015), and iron (n = 2.93, κ = 3.2), where n and κ refer to the real and imaginary indices of refraction, for which we have used the average values over the wavelength ranges considered. These Ångström exponents were calculated from Mie extinction Fig. 3 . Calculated Ångström exponents α as a function of particle size for four different minerals. For each mineral we used a lognormal particle size distribution (top panel) and a narrower size distribution of 1/5th that width (bottom panel), where R m is the median particle size in the distribution. The two gray horizontal lines denote the 2-σ lower and upper limits to α obtained from the GTC observations. cross sections for spherical particles of given sizes and refractive indices.
Discussion
We use these Ångström exponent curves to set lower limits on the dust particle sizes of an optically thin occulter. Fig.  3 shows how the observational limit of | α | 0.06 constrains the median particle size, R m , in the assumed lognormal particle size distributions of two different widths. For all but iron, in the broader of the two lognormal distributions that we considered (upper panel of Fig. 3) , R m must generally be > ∼ 1 µm, while for the more narrow size distribution considered (lower panel of Fig. 3) , R m 0.5 µm is inferred. However, in both cases there is also the formal, but somewhat contrived possibility that R m is very near to 0.25 µm. For iron, R m is only restricted to median sizes of > ∼ 0.1 µm. We note that the difference in permissible particle sizes is mainly driven by the refractive index n, with iron having a much higher refractive index than the other minerals.
It is important to note that these particle size limits apply only to relatively optically thin occulters in which the approximation from Eqn. (1) to Eqn. (2) is valid. As can be seen from these equations, there are infinite varieties of fractional coverage, f , and optical depth, τ, that can account for the dip profiles. In the limit where τ ranges from small to large in time, but f is a constant, we simulated the type of curves presented in Fig. 2 and found that the curves always take the slopes that appropriately reflect the actual Ångström exponent before they converge on the line with unit slope at large τ. In fact, the depth ratios are typically, significantly different from unity until τ becomes 2 unless α 0. In the opposite limit where τ → ∞ and f varies with time, it is not clear that the long, smooth transitions of the dips observed in WD 1145+017 (see, e.g., bottom panel of Fig. 1 ; phases 0 − 0.2 with an egress duration of ∼54 min) can be simply explained. Since the time for a small object to cross the disk of the white dwarf is ∼1 min, this egress time is some 54 orbit-crossing times. An optically thick cloud would have to act essentially as a knife edge that is aligned to within 1
• of the orbital direction. This seems contrived to say the least. We therefore tentatively conclude that the observed dips are caused by variations in τ from very low to only moderate values.
We note that the dust occulters in WD 1145+017, at least during the two nights of our observations, are completely inconsistent with the dust size distribution inferred for the interstellar medium. The ISM has an effective wavelength-dependent cross section that varies roughly as λ −1 over the visible range (Cardelli et al. 1989; Fitzpatrick 1999) . That would correspond to an Ångström exponent of α ≈ 1, which is ruled out by our observations.
Finally, we point out that the type of multicolor observation we conducted here should be repeated a number of times. It is possible that the grain size distribution of the dusty effluents from debris orbiting WD 1145+017 may change with time. This seems especially plausible because of the highly variable nature of the dust activity and the dip depths (see, e.g., Gän-sicke et al. 2016; Rappaport et al. 2016 ). In addition to repeating these observations, it would also be highly desirable to extend the wavelength coverage to J and K bands, where there may be a better chance to detect the wavelength dependence of the dip depths for larger grain sizes.
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